Abstract. Administration of bone marrow-derived mesenchymal stem cells (MSCs) is a possible treatment for graft-versus-host disease (GVHD) following allogeneic hematopoietic stem cell transplantation and other inflammatory conditions. To address the mechanism of immunosuppression by MSCs, in particular those derived from adipose tissue (AMSCs), AMSCs were isolated from three different mouse strains, and the suppressive capacity of the AMSCs thus obtained to suppress interferon (IFN)-γ generation in mixed lymphocyte reaction cultures serving as an in vitro model of GVHD were assessed. It was revealed that the AMSCs had a potent capacity to suppress IFN-γ production regardless of their strain of origin and that such suppression was not associated with production of interleukin-10. In addition, the results demonstrated that β2-microglobulin (β2m)-deficient AMSCs from β2m -/-mice were also potent suppressor cells, verifying the fact that the mechanism underlying the suppression by AMSCs is independent of major histocompatibility complex (MHC) class I expression or MHC compatibility. As AMSCs appear to have immunosuppressive properties, AMSCs may be a useful source of biological suppressor cells for the control of GVHD in humans.
Introduction
Mesenchymal stem cells (MSCs) are self-renewable multipotent stromal cells that are capable of differentiation into cells having a mesodermal lineage (1) ; in addition, in their undifferentiated state they exhibit immunosuppressive properties that can be exploited in the treatment of various inflammatory states. On this basis, MSC administration has the potential to ameliorate inflammation occurring on a wide range of conditions, including heart and brain injury, joint damage, Crohn's disease, multiple sclerosis (2) and acute graft-versus-host disease (GVHD) (3) .
The usual source of MSCs is the bone marrow; however, MSCs are also obtainable from adult adipose tissues and whereas MSCs from the latter source [adipose tissue-derived MSCs (AMSCs)] may not be fully identical with bone marrow MSCs, their immunosuppressive properties are thought to be similar or even greater than those of bone marrow MSCs (4, 5) . Adipose tissue is also quite a useful MSC source since this type of tissue can yield ~500-fold larger (4-6) MSC numbers than those obtainable from bone marrow (7) . Additionally, adipose tissue is readily available given the large number of liposuctions performed each year (400,000 in the USA alone), and aspirated adipose tissue obtained in this way is regarded as waste (5,6); thus, no specific tissue donors have to be identified (8 Acute GVHD is one of the major risks of allogeneic hematopoietic stem cell transplantation therapy in patients suffering from malignant hematopoietic neoplasms and severe bone marrow failure (1) . This complication is due to the activation of donor CD8 + T cells by recipient human leucocyte antigen (HLA)-mismatched tissue cells that are thus stimulated to produce a number of pro-inflammatory cytokines, including interferon (IFN)-γ, interleukin (IL)-1β and tumor necrosis factor (TNF)-α (9). This then leads to the various GVHD manifestations, including inflammation of the skin, liver and gastrointestinal tract characterized by rash or erythema, jaundice or diarrhea (10) (11) (12) . In spite of the fact that MSCs express HLA major histocompatibility complex (MHC) class I molecules that could be recognized by alloreactive T cells mediating GVHD, they appear to escape alloantigen-induced immune destruction following their injection as third party allogeneic cells (13) . In addition to the avoidance of alloantigen-induced immune destruction as alluded to above, MSCs exert immunoregulatory properties that lead to the inhibition effector T cells causing the GVHD (14) . However, the mechanism of such suppression and whether or not it requires MHC compatibility awaits further investigation (15) .
In the present study, an in vitro GVHD model in mice was established, and this model was then used to determine whether AMSCs are able to suppress inflammatory cytokine secretion to the same degree as bone marrow MSCs. In addition, whether MHC class I expression on MSCs is involved in MSC-mediated immunosuppression in GVHD was examined using β2-microglobulin (β2m) knockout mice, which are completely deficient in cell surface expression of MHC class I molecules.
Materials and methods

Animals.
A total of 30 male C57BL/6-Ly5.1 mice (age, 6-8 weeks; weight 18-20 g) were obtained from RIKEN BioResource Center (Tsukuba, Japan), and they were maintained in the animal facility at Asahi University (Mizuho, Japan) for 22-24 weeks. A total of 30 male BALB/cCr, 20 male C3H/HeN and 20 male C57BL/6J mice (age, 5 weeks; weight 18-20 g) were purchased from Shimizu Laboratory Supplies (Shizuoka, Japan). A total of 10 male β2m-deficient C57BL/6 (β2m -/-) mice (age, 5 weeks; weight 18-20 g) were purchased from the Jackson Laboratory (Ben Harbor, ME, USA). Animals were maintained at 22-26˚C and 50% humidity with a 12-h light/dark cycle and were fed a standardized diet and had ad libitum access to autoclaved tap water. All animal experiments were reviewed and approved by the ethics committee for animal experiments of Asahi University under the ID 12-009.
Monoclonal antibodies (mAbs)
. CD4 mAb (cat no. 553047) was purchased from BD Biosciences (San Jose, CA, USA); anti-mouse CD25 mAb (cat no. 12-0251) was obtained from eBioscience, Inc. (San Diego, CA, USA); and anti-mouse forkhead box P3 (Foxp3) mAb (cat no. 20-5773-U100) were from Tonbo Biosciences (San Diego, CA, USA).
Isolation of AMSCs. AMSCs were isolated from various male 6-week-old mice (BALB/cCr, C3H/HeN, C57BL/6 J and β2m -/-) as described previously (16) . AMSCs of the third passage were used in the present study.
Mixed lymphocyte reaction (MLR).
Spleen cells were isolated as described previously (17) . To decide the optimal cell number of spleen cells for MLR to detect IFN-γ production, spleen cells (1x10 5 -16x10 5 ) from recipients (30-week-old male C57BL/6-Ly5.1 mice) were mixed with spleen cells (1x10 5 - 16x10 Flow cytometric analysis. Following MLR, the cells (8x10 5 ) were washed once with ice-cold staining buffer (PBS containing 2% FBS, 1 mM Na 2 EDTA and 0.1% sodium azide), incubated with anti-CD16/CD32 mAb for 20 min at 4˚C and then stained with mAbs against CD4 (fluorescein isothiocyanate; diluted 1:50), CD25 (phycoerythrin; diluted 1:50) for 30 min at 4˚C. Following a single wash step with ice-cold staining buffer, the cells were fixed and permeabilized with BD FACS lysis solution and BD FACS permeabilizing solution 2 (both from BD Biosciences) according to the manufacturer's protocol, and then stained with anti-Foxp3 mAb (allophycocyanin; diluted 1:50) for 30 min at room temperature. The viability marker 7-amino actinomycin D (7AAD; cat no. 13-6993-T500; Tonbo Biosciences) was used to eliminate dead cells. Stained cells were analyzed using an Accuri C6 cytometer (BD Biosciences). Data were analyzed using FlowJo software (version 7.6; Tree Star, Inc., Ashland, OR, USA).
Statistical analysis.
All quantified results are presented as the mean ± standard deviation. Each experiment was repeated at least 3 times. Statistical analyses were performed using Prism version 6 software (GraphPad Software, Inc., La Jolla, CA, USA). An unpaired t-test or a one-way analysis of variance followed by Dunnett or Tukey-Kramer's post-test analysis were used. P<0.05 was considered to indicate a statistically significant difference.
Results
Morphology, differentiation and immunophenotype characteristics of AMSCs.
As previously shown (16), passage-3 AMSCs from 6 week-old BALB/c, C3H/HeN, C57BL/6 and β2m -/-mice all exhibited a similar spindle-shape morphology, ability to differentiate appropriately into adipogenic and osteogenic cells and to express CD44, CD105 and stem cell antigen-1 but not CD45 in flow cytometric analysis regardless of the mouse strain (data not shown) (8) .
Suppression of MLR-induced IFN-γ production by AMSCs.
To model the capacity of AMSCs to suppress GVHD in vivo, their ability to suppress MLRs in vitro was assessed. First, increasing numbers of whole spleen cells from C57BL/6-Ly5.1 and BALB/c mice were cultured and the culture supernatants were harvested after 48 h to examine whether IFN-γ secretion was generated by MLR. It was observed that a mixture of 4x10 5 spleen cells exhibited the highest IFN-γ secretion (Fig. 1A) . Next, 4x10 5 whole spleen cells from C57BL/6-Ly5.1 mice were cultured with 4x10 5 whole spleen cells from BALB/c mice in the presence and absence of BALB/c-AMSCs or BALB-3T3 cells. The addition of increasing numbers of AMSCs to the culture caused increasing suppression of IFN-γ secretion; the addition of a low number of BALB-3T3 cells caused an increase in IFN-γ secretion, whereas the addition of a high number of BALB-3T3 cells suppressed IFN-γ secretion, with the latter being possible due to nutrient depletion and/or cell overgrowth (Fig. 1B) . In any case, addition of only 1x10 3 AMSCs to the culture caused significant suppression of baseline IFN-γ secretion occurring in the absence of AMSCs whereas addition of the same number of BALB-3T3 cells caused no significant suppression of baseline secretion.
Immunosuppression by AMSCs derived from various mouse strains.
In further experiments, the capacity of AMSCs derived from various mouse strains to suppress IFN-γ production in the C57BL/6-BALB/c MLR cultures was determined. As before, the addition of 1x10 3 BALB-3T3 cells to the MLR cultures did not suppress MLR-generated IFN-γ production whereas addition of the same number of AMSCs from BALB/c, C3H/HeN and C57BL/6 mice to the culture all led to significant suppression of IFN-γ (Fig. 2) . In related ELISA experiments, it was revealed that IL-1β, TNF, and IL-10 production in the same MRL cultures did not reach detectable levels in the presence or absence of AMSCs (data not shown). equivalent to that in MLR cultures containing BALB/c-3T3 cells (Fig. 3) .
Lack of Foxp3
Immunosuppression by AMSCs from β2m
-/-mice. The suppressive capacity of AMSCs from mice lacking β2m expression was then detected, as such mice do not express MHC class I on the cell surface. However, addition of AMSCs from β2m -/-mice exhibited the ability to suppress IFN-γ secretion. In addition, the level of suppression obtained with wild-type (WT) and β2m -/-AMSCs was equivalent, with no significant difference (Fig. 4) .
Suppression of IFN-γ secretion by AMSC secretions.
Finally, to determine if the suppressive function exerted by AMSCs required cell contact in the MLR cultures, AMSCs and MLR cells were cultured separately in the upper and lower Transwell compartments, respectively. Under these conditions AMSCs but not 3T3 cells significantly suppressed IFN-γ secretion, indicating that AMSC suppression is mediated by a soluble factor, at least partly (Fig. 5) .
Discussion
MSCs are a highly heterogeneous population of cells whose precise phenotype culture remains debated (18) . Despite this heterogeneity, it was established in the present study that AMSCs harvested from adipose tissue obtained from three different mouse strains were morphologically and phenotypically identical and had an equal capacity to suppress IFN-γ production generated in MLR cultures serving as an in vitro model of GVHD. In addition, it was revealed that such suppression was also observed with AMSCs obtained from mice deficient in β2m, an MHC class I subunit that is required for cell surface MHC class I molecule expression. These observations indicate that MHC class I expression on the AMSCs is dispensable for AMSC suppressor activity. Notably, in a previous study it was revealed that downregulation of β2m by exposure of AMSC-containing cultures to β2m-specific small interfering RNA led to a modest reduction in AMSC suppression (16) . However, in showing that AMSCs from mice that are genetically deficient in β2m have an equal ability to mediate suppression as compared with WT cells, the present study is more definitive in showing that cell-cell contact involving MHC class I is not, in fact, involved in AMSC immunosuppression.
IFN-γ is the major type 1 T helper (Th1)-inducing or associated cytokine responsible for the inflammatory state caused by acute GVHD (19) . Splenocytes of aged mice produce more IFN-γ than splenocytes of young mice since the spleens of aged mice contain markedly increased numbers of CD8 + CD122 + T cells (20) . The AMSC suppressor activity was therefore assessed in MLR cultures containing splenocytes from 30-week-old BALB/c and C57BL/6-Ly5.1 mice in the present study, and robust IFN-γ production was thereby obtained in the MLR cultures, albeit less than that obtained in anti-CD3ε/anti-CD28-stimulated cultures (16, 20) . The data of the present study revealed that despite this robust Th1-inducing MLR response, addition of only 1x10 3 AMSCs suppressed IFN-γ production in the MLR. These results indicate that AMSCs have an immunosuppressive capacity equal to that of bone marrow derived MSCs (8) .
One possible mechanism of AMSC suppression in the absence of AMSCs MHC class I expression is that AMSCs secrete HLA-G, a non-classical MHC class I molecule with suppressor function that was originally thought to explain the ability of cells in human trophoblasts to evade maternal immunorejection (21) . HLA-G secreted by human bone marrow MSCs has also been reported to serve a pivotal role in the ability of human MSCs to suppress proliferation of cells in allogeneic MLR cultures (21, 22) . Murine Qa-2 is considered to be the functional homolog of human HLA-G and has been demonstrated to be involved in natural killer cell-mediated suppression of CD4 + T cell responses (23) . Since an alternative (soluble) form of HLA-G can be secreted in the absence of β2m (24, 25) , it is possible that a similar form of Qa-2 secreted by β2m
-/-murine AMSCs may account for AMSC regulatory function in mice (26, 27) .
Exosomes budding from the plasma membrane are known to contain immune modulators, including HLA-G, IL-10 and transforming growth factor-β (28, 29) . Thus, while the MLR supernatants in the present study contained little if any IL-10, the immunosuppression mediated by these MLR supernatants may have been due to immune modulators associated with exosomes.
In summary, the observations reported in the present study indicate that AMSCs are cells with potent suppressor activity for the allogeneic interactions that accompany GVHD and that such suppressor activity does not require MHC complementarity. Thus, AMSCs may serve as a useful source for the control of GVHD in humans.
